ABSTRACT -Satratoxin H is an important air-and food-borne mycotoxin, which has been implicated in human health damage. Satratoxin H is known to induce apoptosis as well as genotoxicity in PC12 cells. In the present study, we further investigated the mechanism of apoptotic effects of satratoxin H with focus on caspase-3 and poly-ADP-ribose polymerase (PARP) pathway. We also examined whether it induces DNA damage in PC12 cells. In the cells treated with satratoxin H, caspase-3 was cleaved in a time-dependent manner. Furthermore, satratoxin H induced cleavage of PARP, one of the downstream molecules of caspase-3. The cleavage was inhibited by SB203580, a p38 MAPK inhibitor, or SP600125, a JNK inhibitor. Satratoxin H, however, had no effect on expression levels of Bax and Bcl-2. Furthermore, the micronucleus assay revealed that satratoxin H induced chromosome break. Also, satratoxin H increased the level of phosphorylation of histone H2A, indicating that it caused DNA double-stranded breaks in PC12 cells. Meanwhile, no genotoxicity was detected with any of treatments carried out in the alkaline comet assay. These results imply that satratoxin H induces genotoxicity by DNA double-stranded break. Our results suggest a considerable potential for the genotoxic risk associated with the presence of satratoxin H.
INTRODUCTION
Satratoxin H, one of the most potent macrocyclic trichothecenes, is produced by the fungus Stachybotrys atra (Stachybotrys chartarum) and Podostroma cornu-damae (Fig. 1) . Stachybotrys atra is usually grown on humid cellulose-containing materials like wallpaper or gypsum board such as after water damaged and occupied indoor air environment in both offices and residences. Satratoxins have been identified in building materials at 16-17 μg/g (Johanning et al., 1996; Andersson et al., 1997) . Recently, 0.43 ng/m 3 and 12 μg/cm 2 of satratoxin H were detected in contaminated indoor environment and in the moldy wallpaper, respectively (Gottschalk et al., 2008) . It has been shown that the aerosol dust in homes contained satratoxin H ranging from 6.8 to 12.7 ng/mg dust with the ED 50 to inhibit protein synthesis equal 7.6 nM (Sorenson et al., 1987) . Higher amount content of satratoxin H (100 mg) than other trichothecenes was found on 800 g of rice (Jarvis et al., 1986) . Satratoxin H, also found in corn, oats and barley samples (Stack and Eppley, 1980) , has been reported at a concentration of 1 x 10 -4 ng/ Apoptotic effects of satratoxin H is mediated through DNA double-stranded break in PC12 cells spore of S. chartarum (Nikulin et al., 1996) . Contaminated air or foods with trichothecenes has been recognized as one of the potential etiological toxins responsible for outbreaks of 'sick building' syndrome, nasal drainage or congestion, allergy, watering eyes, airway inflammation, headaches, cough, fatigue, and dizziness (Johanning et al., 1996; Cooley et al., 1998; Hossain et al., 2004) . Moreover, ingestion of the toxic mushroom, Podostroma cornu-damae, high content of satratoxin H, caused severe symptoms: gastrointestinal disorder, decreased number of leukocytes and thrombocytes and atrophy of the cerebellum, which caused a speech impediment and voluntary movement disorder (Saikawa et al., 2001) . It has been reported that mitogen-activated protein kinase (MAPK) and caspase-3 were involved in oxidative stress-induced apoptotic cell death in rat pheochromocytoma PC12 cells, a dopaminergic neuronal model cells, (Hou et al., 2003) . Furthermore, reactive oxygen species (ROS), MAPK, nuclear factor-κB (NF-κB) and caspase-3 were shown to be involved in apoptosis of PC12 cells (Lee et al., 2005) . In addition, involvement of ROS generation in genotoxicity has been demonstrated (Karlsson et al., 2008) . Also, the ingestion of contaminated trichothecenes or Fusarium mycotoxins correlated to high incidence of gastrointestinal cancer (Luo et al., 1990; Groves et al., 1999; Hsia et al., 2004) .
Previously, we demonstrated that satratoxin H caused the apoptosis in PC12 cells with the IC 50 of approximately 50 nM through MAPK (Nusuetrong et al., 2005) and ROS generation (Nusuetrong et al., 2008) . We further showed that satratoxin H induced DNA fragmentation in PC12 cells (Nusuetrong et al., 2008) . However, although DNA is triggered single-stranded or double-stranded breaks, a mechanism of satratoxin H on DNA damage is unknown.
The aims of the present study were to examine the involvement of caspase-3 in satratoxin H-induced apoptosis, and to evaluate the potential DNA damage of satratoxin H in PC12 cells.
MATERIALS AND METHODS

Materials
Satratoxin H was extracted from a fungus Podostroma cornu-damae and purified by chromatography. Fetal calf serum (FCS) was obtained from HyClone (Perbio Science bvba, Belgium). Dulbecco's modified Eagle's medium (DMEM) and horse serum (HS) were obtained from Life technologies (Carlsbad, CA, USA). Antibodies used in the present study were: mouse monoclonal anti-β-actin antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit polyclonal Bax antibody, rabbit polyclonal Bcl-2 antibody, rabbit polyclonal cleaved caspase-3 antibody, rabbit monoclonal cleaved poly-ADPribose polymerase (PARP) antibody, or rabbit monoclonal histone H2A phosphorylation (γH2AX) antibody (Cell Signal Technology, Beverly, MA, USA). Anthra(1,9-cd) pyrazol-6(2H)-one (SP600125) and 4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)-1H-imidazole (SB203580) were from Biomol Research Laboratories (Plymouth Meeting, PA, USA) and from Wako (Osaka, Japan), respectively. Cytochalasin B and mitomycin C were purchased from Sigma (St. Louis, MO, USA). Cytochalasin B and satratoxin H were dissolved in dimethyl sulfoxide (DMSO), stored at -20°C and subsequently diluted with culture medium prior to use. The final concentration of DMSO in culture medium was less than 0.5%. All other chemicals were commercially available reagents of analytical grade.
Cell culture
Rat pheochromocytoma (PC12) cells were obtained from Riken cell bank (Ibaraki, Japan). They were cultivated in DMEM supplemented with 10% FCS, 5% HS, penicillin (50 units/ml) and streptomycin (50 μg/ml) in a humidified atmosphere of 5% CO 2 and 95% air mixture at 37°C. The cells were passaged every 2-3 days.
Western blot analysis
To test apoptotic mechanism, PC12 cells were exposed to satratoxin H (50 nM) for various times (0.5, 1, 3, 6, 12, 18 and 24 hr) . In the experiments using kinase inhibitors, cells were incubated with each inhibitor for 1 hr, and further treated with 50 nM of satratoxin H for 12 hr. To test genotoxicity, the cells were treated with various concentrations of satratoxin H for 24 hr. After treatment, the whole cell proteins were extracted in lysis buffer (50 mM (Nagase et al., 2002) . Vol. 37 No. 4 Tris-HCl, pH 8.0, 150 mM NaCl, 20 mM EDTA, 50 mM NaF, 1% NP-40, 0.2% NaN 3 , 1 mM phenylmetanesulfonyl fluoride, 2 μg/ml leupeptin and 2 μg/ml aprotinin). The protein concentration was determined by Bradford method. The extracted protein was mixed with Laemmli sample buffer and stored at -20°C until use. The protein was boiled at 95°C for 5 min, and equivalent amounts of proteins were resolved upon 12% SDS-polyacrylamide gel electrophoresis. Then, the proteins were transferred onto polyvinylidene difluoride membranes (GE Healthcare, Buckinghamshire, UK). The membranes were blocked with 5% fat-free milk in TBST (10 mM Tris-HCl, pH 7.4, 0.1 M NaCl and 0.01% Tween-20) for 2 hr at room temperature, and they were probed with the specific primary antibody against Bcl-2, Bax, cleaved caspase-3, or cleaved PARP in TBST with 5% fat-free milk overnight at 4°C. The membrane was further incubated with the corresponding secondary antibody coupled with horseradish peroxidase for 2 hr at room temperature. Reactive proteins were reacted with the chemiluminescence assay (ECL kit, GE Healthcare). The membrane was then exposed to ECL hyperfilm (GE Healthcare).
Alkaline comet assay
Comet assay was carried out according to Tice et al. (2000) and Bony et al. (2006) with slight modifications. PC12 cells were exposed to various concentrations of satratoxin H. Hydrogen peroxide (H 2 O 2 ) (500 μM) exposure for 2 hr was used as a positive control. The cells treated with each drugs were collected. After agarose solidification, 50 μl of 1% low-melting agarose was mixed with 50 μl of the cell suspension (1 x 10 5 cells/ml). The mixture was immediately spread onto a frosted slide, which was previously covered with 1% normal-melting agarose and kept at room temperature to solidify, and the mixture was allowed for solidification. The solidified gel containing the cells was treated under dim light with a lysing solution (2.5 M NaCl, 0.1 M EDTA, 10 mM Tris, pH 10, 1% (v/v) Triton X-100 and 10% (v/v) DMSO) at 4°C for 1 hr, then the DNA was allowed to unwind for 5 min in the electrophoresis buffer (0.3 M NaOH, 1 mM EDTA, pH > 13). The electrophoresis was conducted at 25 V and 300 mA for 5 min. The slides were then neutralized using 0.4 M TrisHCl solution (pH 7.5), and fixed in absolute methanol for 5 min and air-dried. DNA was stained with SYBR green I (1:10,000) and captured at 100x magnification under a fluorescence microscope (Olympus BX41, Tokyo, Japan). Cells containing damaged DNA have an appearance of a comet with a bright head and tail, meanwhile, undamaged DNA appears as an intact nucleus with no tail.
Micronucleus test with cytokinesis block
The micronucleus assay was performed according to Hoffmann and Speit (Hoffmann and Speit, 2005) . In brief, PC12 cells pre-exposed to various concentrations of satratoxin H or mitomycin C (0.5 μg/ml) for 24 hr were treated with cytochalasin B (6 μg/ml) for 48 hr, and the media was removed. After the cells were washed with phosphate buffered saline, they were treated with 0.5% KCl at 37°C for 1 min. Then, the cells were dried and fixed with methanol:acetic acid (5:1 vol/vol) for 3 times of 1 min each. Finally, the cells were air dried. One thousand binucleated cells (from three independent cultures for each concentration used) were examined per treatment. The cells were stained with Wright's stain, captured at 200x magnification under a fluorescence microscope (Olympus CKX41, Japan), and analyzed to determine the nuclear division index (NDI) as described previously (Tucker and Preston, 1996; Fenech, 2000; Fenech et al., 2003) . The cells were scored with 1, 2, 3 or 4 nuclei using the following formula: NDI = (M1+2(M2)+3(M3)+4(M4)/N; where M1 to M4 represented the number of cells with 1-4 nuclei and N was the total number of viable cells examined.
Immunofluorescent staining of γH2AX
Immunofluorescent staining was carried out as described in the previous report (Li et al., 2011) . Briefly, PC12 cells treated with or without satratoxin H were fixed in 4% paraformaldehyde for 10 min, and they were blocked by 0.5% BSA in PBS containing calcium and magnesium. The cells were further incubated with rabbit monoclonal anti-γH2AX antibody (1:1,000) for 2 hr at 4°C, and followed by Alexa488-conjugated anti-rabbit IgG (1:400) for 30 min at room temperature. DAPI was used for nucleus staining. The cells were observed under a confocal laser-scanning microscope (LSM5 PASCAL; Carl Zeiss, Jena, Germany).
Statistical analysis
Results were analyzed by one-way analysis of variance (ANOVA) with Scheffe's Post hoc-test for multiple sets of data. *p < 0.05 was considered statistically significant. Data are expressed as means ± S.E.M.
RESULTS
Satratoxin H-induced activation of caspase-3, and inactivation of PARP
We have shown that satratoxin H induced apoptosis through ROS, p38 MAPK and c-Jun N-terminal kinase (JNK) in PC12 cells, as previously described (Nusuetrong Vol. 37 No. 4 et al., 2005 . In the present study, we examined the effect of satratoxin H on activation of caspase-3 in PC12 cells. We found that cleaved-caspase-3, an active form, was observed from 3 to 24 hr after satratoxin H (50 nM)-treatment ( Fig. 2A) . To confirm the activation of caspase-3, we detected cleavage of PARP (poly-ADP-ribose polymerase), one of substrates of caspase-3. In satratoxin H-exposed PC12 cells, PARP was weakly and strongly cleaved at 12 hr and 24 hr, respectively (Fig. 2B) . Furthermore, we investigated a role of p38 MAPK or JNK on caspase-3 activation. Then, the expression level of cleaved-caspase-3 was decreased after pre-incubation of 10 μM SB203580, a p38 MAPK inhibitor, or 10 μM SP600125, a JNK inhibitor (Fig. 2C ). This observation suggests that satratoxin H activates caspase-3 via p38 MAPK and/or JNK pathway. Meanwhile, neither Bax protein, a pro-apoptotic protein, nor Bcl-2 protein, an anti-apoptotic protein, was influenced by satratoxin H (Fig. 3) .
These results rise the possibility that p38 MAPK/JNK, caspase-3, and PARP are involved in satratoxin H-induced apoptosis in PC12 cells.
Satratoxin H possessed genotoxic effect
Activation of caspase-3 is critical in genotoxicity-related apoptosis (Chen et al., 2010) . Here, we examined the effect of satratoxin H on DNA damage by a micronucleus test, histone H2A phosphorylation (γH2AX) or an alkaline comet assay in PC12 cells.
At first, the effect of satratoxin H on chromosome breakage or chromosome loss was investigated by a micronucleus test (Fenech et al., 2003) . In general, lower concentrations of stimulants are used to prevent false positive of DNA fragmentation from cell death detected by the comet assay (Bony et al., 2007; Tsuda et al., 1998) . In the present study, 1-20 nM of satratoxin H, lower concentrations than the IC 50 , was used, and the frequency of micronucleus (MN) in binucleated (BN) PC12 cells was counted. We found that exposure of the cells with low concentrations (5, 10 and 20 nM) of satratoxin H caused a significant increase in the number of MN/1000 BN (25.19 ± 1.78, 22.59 ± 7.93 and 22.21 ± 4.71, respectively), compared to the control (4.85 ± 1.17) (Figs. 4A and  B) . Meanwhile, 0.5 μg/ml mitomycin C induced the MN of 79.92 ± 5.99 per 1000 BN (Figs. 4A and B) . This result suggests that satratoxin H is a genotoxic agent by inducing chromosome damage in PC12 cells.
H2AX is a member of histone H2A family, and phosphorylation of H2AX at serine 139, which is called γH2AX, is related to DNA double-stranded breaks (de Feraudy et al., 2010) . In the present study, the effect of satratoxin H on phosphorylation of H2AX was examined by immunofluorescent staining. As a result, γH2AX was observed in PC12 cells treated with 50 nM satratoxin H for 12 hr, and it was strongly shown in the 24 hr-treated cells (Fig. 5A) . We next treated PC12 cells with lower concentrations of satratoxin H for 24 hr. Then, we found that γH2AX was induced by 5 nM satratoxin H-treatment, and the amounts of γH2AX were similar between 5 nM to 20 nM (Fig. 5B) . The concentration-dependency was consistent with the micronucleus test (Fig. 4) .
Finally, to assess the effect of satratoxin H on DNA single-stranded break, olive tail moment was measured by an alkaline comet assay. As a result, DNA content was increased in tail length by the treatment of H 2 O 2 (500 μM) for 2 hr. Meanwhile, 24 hr incubation of satratoxin H (5, 10 and 20 nM) did not show the increment of DNA content in tail (Fig. 6 ). This result suggests the possibility that satratoxin H does not induce DNA singlestranded break in PC12 cells.
These data of genotoxicity demonstrate that satratoxin H causes DNA double-stranded break to induce apoptosis in PC12 cells.
DISCUSSION
Satratoxin H is found in air-and food-contaminants. The present study demonstrated the additional molecular mechanisms of satratoxin H (50 nM)-induced apoptosis in PC12 cells, and the apoptosis was mediated through caspase-3 cleavage, PARP cleavage, and the following DNA double-stranded break.
It has been demonstrated that satratoxin H induced apoptosis through ROS, p38 MAPK, JNK and ERK1/2 (Nusuetrong et al., 2005 (Nusuetrong et al., , 2008 . In the present study, we showed that satratoxin H (50 nM) increased cleavage of caspase-3, which was mediated through p38 MAPK and/or JNK. Our data were concomitant with the previous studies, in which apoptosis mediated through caspase-3 is induced by other trichothecenes, such as T-2 toxin (Bouaziz et al., 2006) , 4-acetyl-12,13-epoxyl-9-trichothecene-3,15-diol (Pae et al., 2003) , and satratoxin G (Nagase et al., 2002) . Stratoxin G-producing S. chartarum IBT 9631, as well as satratoxin G, increased phosphorylation of p38 MAPK and activation of caspase-3 (Rakkestad et al., 2010) . We also showed that satratoxin H induced cleavage of caspase-3 and PARP from 3 hr and 12 hr incubation, respectively. In other words, the time of PARP cleavage was later than the time of caspase-3 cleavage. This is consistent with a previous report that PARP is one of the substrate for caspase-3, because PARP is cleaved by Yama/CPP32ß which is known as caspase-3 (Tewari et al., 1995) . Cleaved PARP is an inactive form, and the inactivated PARP preserve cellular ATP to accomplish apoptosis (Bouchard et al., 2003) . Actually, an active form of PARP provides the cells to preserve sufficient energy to facilitate the execution of apoptotic process such as forming apoptotic bodies (Tusi et al., 2011) . These results suggest that p38 MAPK-JNK/caspase-3/ PARP pathway is important in satratoxin H-induced apoptosis in PC12 cells.
Generation of ROS is involved in caspase activation, PARP cleavage, DNA damage and apoptosis. Intracellular ROS, which is formed from environmental pro-oxidants or by respiratory dysfunction, is one of the major responsible factors of apoptotic cell death through increase in mitochondrial membrane permeability to release cytochrome c. The cytochrome c activates proapoptotic caspase-9, and the following activation of caspase-3 (Hussain et al., 2007; Indran et al., 2011) . On the other hand, cobalt chloride induced apoptosis in PC12 cells in ROS-activated ERK1/2, p38 MAPK, JNK and caspase-3 pathway (Lan et al., 2011) . Many studies demonstrated the genotoxicity of mycotoxins in various cell types. Nivalenol causes genotocixity in cultured CHO cells and in several mouse organs (Tsuda et al., 1998) ; vomitoxin, moniliformin, and fumonisin B 1 are genotoxic in primary rat hepatocyte (Knasmüller et al., 1997) ; T-2 toxin, deoxynivalenol, nivalenol and fusarenon X cause DNA break in broiler chickens (Rezar et al., 2007) and in the human enterocytelike Caco-2 cells (Bony et al., 2006 (Bony et al., , 2007 . Meanwhile, The number of cells with micronucleus (MN) in 1,000 cells was counted using a fl uorescent microscope. Quantitative data was shown with means ± S.E.M. of three independent experiments. **P < 0.01, ***P < 0.001, signifi cant different from the cells with control, by one-way ANOVA followed by a Scheffe's test.
S. chartarum IBT 9631 spores increased the expression of Chk2/γH2AX in human THP-1 macrophage cells (Rakkestad et al., 2010) . We showed that satratoxin H at the concentrations lower than IC 50 (nontoxic concentrations) induced micronuclei in PC12 cells, suggesting unrepaired DNA strand breaks (Mughal et al., 2010; Fenech, 2000) . γH2AX is a rapid and sensitive marker of DNA-double stranded breaks (Rogakou et al., 1998; Toyooka and Ibuki, 2009; Priestley et al., 2010) . Formation of γH2AX by satratoxin H suggests that satratoxin H induces apoptosis by DNA double-stranded breaks in PC12 cells. In contrast, satratoxin H have no significant effect on the olive tail moment by the alkaline comet assay. The alkaline comet assay is used for detection of single-stranded DNA damage (Singh et al., 1988) . Our results are in accordance with a previous study about uranium. That is, low concentrations of uranium induced small amount of DNA damage and cellular modifications, which can be efficiently repaired through adaptation responses, although some of these DNA damage might be misrepaired leading to apoptotic cell death (Thiebault et al., 2007) . At higher concentrations, uranium induced strong cellular modifications and DNA damage producing apoptotic cell death (Thiebault et al., 2007) . Previously we showed that satratoxin H induced ROS generation and the following phosphorylation of p38 MAPK (Nusuetrong et al., 2005 (Nusuetrong et al., , 2008 . In the present study, satratoxin H at a concentration of the IC 50 (50 nM) induces cleavage of caspase-3 and cleavage of PARP, and the cleavage of caspase-3 is mediated through p38 MAPK and JNK. Moreover, satratoxin H at non-toxic concentration caused genetic damage, DNA double-stranded break. Taken together, satratoxin H caused apoptosis mediated through ROS generation, p38 MAPK and JNK activation, caspase-3 activation, PARP cleavage, and the following DNA double-stranded break in PC12 cells. These results suggest the highly cytotoxic or genotoxic risk after the administration of satratoxin H from air or food contaminant. In the future, it is important to reveal the genotoxic effect of satratoxin H in other experimental systems such as in vivo. 
